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ABSTRACT
The potential of cosmic shear to probe cosmology is well recognized and future optical wide
field surveys are currently being designed to optimize the return of cosmic shear science. High
precision cosmic shear analysis requires high precision photometric redshift. With accurate
photometric redshifts, it becomes possible to measure the cosmic magnification on galaxies
by galaxies and use it as a probe of cosmology. This type of weak lensing measurement will
not use galaxy shapes, instead it will strongly rely on precise photometry and detailed color
information. In this work it is shown that such a measurement would lead to competitive
constraints of the cosmological parameters, with a remarkable complementarity with cosmic
shear. Future cosmic shear surveys could gain tremendously from magnification measure-
ments as an independent probe of the dark matter distribution leading to a better control of
observational and theoretical systematics when combined with shear.
Key words: cosmology: cosmological parameters - gravitational lenses - large-scale structure
of Universe - observations
1 INTRODUCTION
The distortion of the images of distant galaxies due to mass inho-
mogeneities along the line-of-sight, the cosmic shear, is a power-
ful tool to probe the dark matter distribution in the Universe. Re-
cent results (Benjamin et al. (2007),Fu et al. (2008)) demonstrate
that the technique of cosmic shear has greatly matured since the
early detections. For recent reviews, see Munshi et al. (2008) and
Hoekstra & Jain (2008). Nevertheless, cosmic shear still suffers
from practical difficulties encountered with galaxy shape measure-
ments, those difficulties triggered a massive effort aiming at a
better control of the residual systematics (Heymans et al. (2006),
Massey et al. (2007), Bridle et al. (2008)). It becomes increasingly
important to explore parallel avenues to cosmic shear which could
provide a similar, yet independent, probe of dark matter distribution
and give additional ways for controlling the cosmic shear residual
systematics. The detection of cosmic magnification from the Sloan
Digital Sky Survey (Scranton et al. (2005)) could provide an inter-
esting and viable option. The gravitational lensing effect leads to
a change in the object size through the magnification, and since
the surface brightness is conserved, the apparent magnitude of dis-
tant galaxies is modified. This effect leads to a non vanishing an-
gular cross-correlation between distant (lensed) objects and fore-
ground (lenses) galaxies, which can serve as a probe of cosmology
(Narayan (1989),Moessner & Jain (1998)).
The cosmic magnification has been measured successfully in
the Sloan Digital Sky Survey through the QSO-galaxy correla-
tion function (Scranton et al. (2005)). Previous attempts to measure
magnification faced a challenging cosmological interpretation, but
Scranton et al. (2005) showed for the first time convincing evidence
of the cosmological origin of the signal. The main challenge in the
measurement of the magnification effect lies in the fact that the
foreground and background populations have to be clearly sepa-
rated in redshift in order to avoid any spurious angular clustering
contamination. This was possible with the SLOAN survey because
bright QSOs at redshift higher than 1.5 were clearly distinguishable
from low redshift galaxies. This was essentially the main reason
for the successful detection in Scranton et al. (2005). Ideally, we
would like to use galaxies as sources because they are much more
numerous and they spread over a larger redshift range than QSOs. It
would probe similar dynamical regimes and redshift range as cos-
mic shear.
The tremendous progress made in photometry and photo-
metric redshift measurements in the last decade (Ilbert, O., et al.
(2006),Hildebrandt et al. (2008),Erben et al. (2009),Coupon et al.
(2009)) may enable this possibility. In particular, future wide field
optical surveys 1 will be designed to cover a wide range of wave-
lengths with many filters in order to obtain accurate photometric
redshifts for lensing and many other applications. The required ac-
curacy (Huterer et al. (2006)) is such that it enables the possibil-
ity to measure the magnification effect on galaxies by galaxies.
This would open an entirely new window for dark matter searches
which could become a very useful complement of cosmic shear
measurements. Cosmic magnification has several advantages over
cosmic shear which will be discussed in this paper, but a particu-
larly noticeable one is that magnification is not sensitive to Point
Spread Function corrections. The magnification offers a comple-
1 e.g. Large Synoptic Survey Telescope http://www.lsst.org/lsst and Joint
Dark Energy Mission http://jdem.lbl.gov/DarkEnergy.html for ground
based and space based surveys respectively
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mentary approach to cosmic shear, with a radically different sen-
sitivity to observational and theoretical systematics. This paper is
an exploratory work which examines to what extends the cosmic
magnification could be measured on galaxies and how and why it
could be integrated in the design of future ambitious surveys.
The first section introduces notations and definitions used in
this work. Section 3 details the calculation of the cosmic magni-
fication covariance matrix necessary in order to gauge the ability
of cosmic magnification to measure cosmological parameters and
Section 4 details how the CFHTLS Deep data are used to calibrate
the free parameters needed in the predictions. In Section 5 we dis-
cuss the complementarity with cosmic shear and how magnification
can be used to constrain cosmology. We then conclude on the out-
come and implications of this work.
2 THEORY
2.1 Definitions and Notations
The gravitational lensing effect is to first order described by the
magnification matrix A
A =
(
1− κ+ γ1 −γ2
−γ2 1− κ− γ1
)
(1)
where κ is the convergence and γ = γ1 + iγ2 is shear in com-
plex notation. In the following the notations and definitions from
Schneider et al. (1998) are being used. The convergence is the line-
of-sight integral
κ(θ) =
3
2
Ωm
∫ wH
0
d wg(w)fK(w)
δ(fK(w)θ, w)
a(w)
, (2)
where w(z) is the comoving radial coordinate at redshift z, fK(w)
is the angular diameter distance at distance w, and δ(fK(w)θ, w)
is the mass density contrast. wH is the horizon distance and g(w)
is an integral over the source redshift distribution:
g(w) =
∫ wH
w
dw′pw(w
′)
fK(w
′ − w)
fK(w′)
, (3)
where pw(w)dw = pz(z)dz is the source redshift distribution.
Let us consider a lensing survey complete down to some lim-
iting magnitude mlim. Along a given line-of-sight θ, the number
density of unlensed galaxies with magnitude [m,m+dm is defined
by N0(m)dm and N(f,θ)dm is the number of lensed galaxies.
Calling µ the magnification factor, then the galaxy number counts
follow the relation Narayan (1989):
N(m,θ)dm = µ2.5s(m)−1N0(m)dm, (4)
where s(m) is the slope of the galaxy number counts at magnitude
m:
s(m) =
dN0(m)
dm
(5)
To first order, when the shear and convergence fields are small com-
pared to one (κ,γ << 1), the magnification is given by
µ(θ) ≃ 1 + 2κ(θ). (6)
The magnification can be measured through the angular cross-
correlation of a background lensed population of galaxies with
foreground galaxies (the lenses). The angular cross-correlation
w12(θ) at separation θ = |θi − θj | is given by
w12(θ) = 〈δ1(θi)δ2(θj)〉, (7)
where δ1 and δ2 are the fractional densities of the foreground
and background galaxy populations at redshift z1 and z2. Express-
ing the fractional densities as fractional number counts and taking
into account the effect of lensing by large scale structures (Eq.4),
the cross-correlation at angular separation θ becomes (Bartelmann
(1995)):
w12(θ) = 3b(α(m)− 1)Ωm
∫
sds
2pi
∫
dw
g(w)
a(w)
p1(w)
fK(w)
×
P3D
(
s
fK(w)
;w
)
J0(θs). (8)
where P3D is the 3-dimensional matter power spectrum, J0(θs)
the zeroth order Bessel function of the first kind, and α(m) =
2.5s(m). The galaxy basing parameter b is defined by δ1 = bδ.
Eq.8 shows the well known fact that the magnification effect de-
pends on the number count slope of the lensed population and on
how the foreground galaxies trace the underlying matter distribu-
tion. In the following we will take b = 1, although means to alle-
viate this assumption or to measure the biasing will be discussed in
the conclusion. This assumption does not alter the main conclusion
of this work regarding the cosmological constraints of the cosmic
magnification.
2.2 Practical Estimator
We assume we have a compact survey of area A, with two galaxy
populations at two different redshifts z1 and z2 and number density
of galaxies n1 and n2 respectively. The sky is finely gridded with
”pixels” at location θi, and the ”density” of galaxy population k at
this location θi is called δk(θi). Note that for a sufficiently high
resolution grid, δk is zero or one.
The angular cross-correlation between the two galaxy popula-
tions, for angular separation θ, is given by
w12(θ) = 〈δ1(θi)δ2(θj)〉∣∣θi−θj∣∣=θ (9)
The discretized estimator of this correlation function is given by
w12(θ) =
1
Np(θ)
∑
i,j
δ1(θi)δ2(θj)∆θ(ij) (10)
where Np(θ) is the number of pairs with separation [θ− dθ/2, θ+
dθ/2] and ∆θ(ij) is defined as ∆θ(ij) = ∆θ(|θi − θj |) = 1 for
θ− dθ/2 < |θi − θj | < θ+ dθ/2 and zero otherwise. Since
we assumed a continuous survey, the number of pairs Np(θ) is
given by:
Np(θ) ≃ A n1 2piθ dθ n2 (11)
As a self consistency check, we should demonstrate that Eq.10 is an
unbiased estimator of Eq. 9. With a number of galaxies N1 = n1A
and N2 = n2A, there are N1(N2 − 1) ∼ N1N2 pairs, so for large
N , and applying the change of variable ψ = θ1 − θ2, Eq.10 can
be rewritten:
w12(θ) =
1
Np(θ)
N1N2
A2
∫
A
dθ1
∫
A
dθ2∆θ(12)〈δ1(θ1)δ2(θ2)〉
=
1
Np(θ)
N1N2
A2
∫
dθ1
∫
dθ2∆θ(12)w12(|θ1 − θ2|)
=
1
Np(θ)
N1N2
A2
∫
A
dθ1
∫ 2pi
0
dψˆ
∫ θ+dθ/2
θ−dθ/2
ψdψ w12(ψ)
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1
Np(θ)
N1N2
A
2pi
∫ θ+dθ/2
θ−dθ/2
ψdψ w12(θ)
≃ w12(θ) (12)
This shows that Eq.10 is an unbiased estimator of Eq.9. A practical
implementation of the estimator Eq.10 is given in Landy & Szalay
(1993) for which Eq10 can be rewritten as:
w12 =
(N1 −R1)(N2 −R2)
R1R2
(13)
where R1 and R2 are the number of objects in two distinct random
samples. This estimator follows directly from the explicit expres-
sions for δ1 and δ2:
δk =
Nk −Rk
Rk
(14)
where k = (1, 2) refers to the population 1 or 2.
3 COVARIANCE MATRIX
The cosmic magnification covariance matrix is derived in this sec-
tion. It is also compared to the cosmic shear covariance matrix and
the efficiency of the two weak lensing techniques is compared.
The cosmic magnification signal is the cross-correlation func-
tion w12(θ) as defined in Eq.8. The covariance matrix is defined
as Cθφ = 〈w12(θ)w12(φ)〉. With the practical estimator for w12
given by Eq.10, the covariance matrix can be written as:
Cθφ =
1
Np(θ) Np(φ)
∑
ijkl
∆θ(ij)∆φ(kl)×
〈δ1(θi)δ2(θj)δ1(θk)δ2(θl)〉 (15)
δ1(θ) and δ2(θ) refer to the number count contrast of the fore-
ground and background populations respectively. From the expres-
sions for the magnification effect (Eqs 4 and 6), the count density
contrasts are given by:
δ2(θ) =
N2(m,θ)−N2(m)
N2(m)
= 2(α(m)− 1)κ(θ) + δN2(θ)
δ1(θ) =
N1(m,θ)−N1(m)
N1(m)
= δN1(θ) (16)
where δN1 and δN2 are the unlensed count density contrast. It is as-
sumed that only the background population is lensed, although in
principle the foreground population contrast δ1(θ) should also con-
tain a convergence term coming from lenses at even lower redshift.
This term is however negligible for a reason given later in this Sec-
tion (Eq. 24). The covariance matrix Cθφ contains therefore terms
with convergence and terms with unlensed density contrasts δNi .
The later is a major source of noise for the magnification measure-
ment since it depends on the clustering of galaxies in each popu-
lation (low and high redshift). The covariance matrix can therefore
be split in two terms:
Cθφ = C
S
θφ + C
L
θφ + C
P
θφ, (17)
Where CS is the clustering term, CL contains the weak lensing
contribution and CP is the shot noise Poisson term. We focuss on
CS first, before showing that the terms containing lensing quanti-
ties CL is negligible in comparison. CP is calculated at the end of
this Section.
It is assumed that the galaxies distributions are gaussian ran-
dom fields, therefore four point correlation functions can be ex-
pressed as the sum of product of all possible combinations of two-
point correlation functions. Moreover, the cross-correlation terms
〈δN1δN2〉 are zero if the background and foreground populations
are well separated in redshift. The only contribution to the clus-
tering term in the covariance matrix will come from the auto-
correlation functions of each population, which are defined as:
wkk(θ) = 〈δNk (θi)δNk (θj)〉 (18)
where k = (1, 2) refers to the population redshift. The clustering
term in the covariance matrix can therefore we written as
CSθφ =
1
Np(θ)Np(φ)
∑
ijkl
∆θ(ij)∆φ(kl) 〈δN1(θi)δN1(θk)〉 ×
〈δN2(θj)δN2(θl)〉 (19)
The rest of the calculations follow closely the steps taken for the
shear covariance matrix in Schneider et al. (2002). There is ap-
proximately ∼ N21N22 identical terms in Eq.19, therefore we can
take the continuum limit. For clarity let’s introduce the quantity
C′ = C ×Np(θ) Np(φ), which can then be written as:
C′Sθφ =
N21N
2
2
A4
∫
A
dθ1
∫
A
dθ2
∫
A
dθ3
∫
A
dθ4 ∆θ(12)∆φ(34) ×
w11(|θ1 − θ3|) w22(|θ2 − θ4|)
=
N21N
2
2
A3
∫
A
dψ
∫ θ+dθ/2
θ−dθ/2
φ1dφ1
∫ 2pi
0
dφˆ1
∫ φ+dφ/2
φ−dφ/2
φ2dφ2×
∫ 2pi
0
dφˆ2 w11(|ψ −φ1|) w22(|ψ +φ2|) (20)
where one of the four integrals over the survey area was carried out,
and the following change of variables has been applied:
θ2 = θ1 +φ1
θ4 = θ3 +φ2
ψ = θ3 − θ1 (21)
We now define the following vectors:
ψa =
(
ψ cos(ψˆ)− θ cos(φˆ1)
ψ sin(ψˆ)− θ sin(φˆ1)
)
ψb =
(
ψ cos(ψˆ)− φ cos(φˆ2)
ψ sin(ψˆ)− φ sin(φˆ2)
)
Then the final step is relatively straightforward to carry out, and for
the covariance matrix we get:
CSθφ =
2
pi A
∫
∞
0
ψdψ
∫ pi
0
dφˆ1 w11(|ψa|)
∫ pi
0
dφˆ2 w22(|ψb|)(22)
This term describes the contribution to the comic magnification
covariance matrix from the intrinsic clustering of the background
and foreground populations. In the following section, estimates and
comparison with the shear covariance matrix will be given. Let us
now consider the lensing-clustering mixed terms in Eq. 15. From
the definition of the number count density contrast in Eq. 16, the
mixed term can be written as:
c© 0000 RAS, MNRAS 000, 000–000
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CLθφ =
1
Np(θ)Np(φ)
∑
ijkl
∆θ(ij)∆φ(kl) Πijkl (23)
with
Πijkl = 〈δN1(θi)δN1(θk)〉〈κ(θj)κ(θl)〉
+ 〈δN1(θi)κ(θl)〉〈κ(θj)δN1(θk)〉
+ 〈δN1(θi)κ(θj)〉〈κ(θl)δN1(θk)〉 (24)
Following the same calculations as for the clustering term, the first
term in Eq.24 leads to the following contribution to the covariance
matrix:
CLθφ =
2
pi A
∫
∞
0
ψdψ
∫ pi
0
dφˆ1 w11(|ψa|)
∫ pi
0
dφˆ2 ξκ(|ψb|)(25)
where ξκ is the convergence correlation function (which is equal to
the shear correlation function in the weak lensing limit). This ex-
pression is very similar to the clustering term in Eq.22, except that
the auto-correlation function w22 has been replaced by ξκ. For that
reason, Eq.25 leads to a negligible contribution to the cosmic mag-
nification covariance matrix, because ξκ is always orders of mag-
nitude smaller than w22. For the same reason, the last two terms in
Eq.24 can be neglected, as well as the contribution from the lensing
of the foreground population, which was previously neglected in
Eq.16. This leads to the surprising result that the sampling variance
from the lensing effect for the cosmic magnification is negligible
compared to the source of statistical noise (the intrinsic clustering
of the foreground and background populations). This is opposite to
the cosmic shear situation, where the sampling variance dominates
the source of statistical noise (the intrinsic ellipticity) for scales
above a few arcminutes (Schneider et al. (2002)), even when non-
gaussian errors are considered (Semboloni et al. (2007)).
The derivation of Eq.22 assumed that the Poisson error result-
ing from discrete sampling could be neglected. This is no longer
the case if the number density of galaxies becomes too small, it
is therefore necessary to add the contribution from sampling noise
to the covariance matrix CP . This can be done by describing the
sampling by a Poisson point process, which leads to a Poisson er-
ror for each angular bin of the cross-correlation function w12(θ).
For a bin of width dθ at angular separation θ, the error ∆w12(θ)
on the cross-correlation is given by the inverse square root of the
number of pairs Np(θ) contributing to that bin (see Eq. 11).
4 CFHTLS DEEP SURVEY
Our ability to measure cosmic magnification depends on the
amount of clustering in the foreground and background galaxy
samples, and on the number count slope α(m). The CFHTLS Deep
survey provides us with the necessary ingredients to calculate the
magnification covariance matrix. The survey is complete down to
i′ ≃ 25.5 and with four independent fields of one square degree
each, the impact of sampling variance on the angular clustering will
be limited. It therefore provides a perfect sample which could be
applied to shallower surveys such as the CFHTLS Wide. The Deep
survey has also the unique advantage to provide accurate photomet-
ric redshift estimates (from Ilbert, O., et al. (2006)), which can be
used for the foreground and background separation.
The CFHTLS Deep data have been divided in 5 redshift bins
and 5 magnitude bins within the magnitude range [21.5, 24.5]. A
faint magnitude cut of i′ = 24.5 corresponds to the limiting mag-
nitude of the CFHTLS Wide, therefore the results presented here
Redshift slice [0.7, 1.0] [0.9, 1.2] [1.1, 1.4]
m = [21.5, 22.5] -0.03 0.60 0.91
1.04 0.46 0.20
m = [22, 23] -0.41 0.29 0.74
1.46 0.87 0.45
m = [22.5, 23.5] -0.50 -0.07 0.35
1.87 1.40 0.87
m = [23, 24] -0.56 -0.30 -0.08
2.31 2.00 1.43
m = [23.5, 24.5] -0.54 -0.47 -0.18
2.83 2.61 2.13
Table 1. Table showing for three redshift slices and each magnitude bin the
measured value of α(m) − 1 and the number density ngal of galaxies per
arcmin2 . For each magnitude bin, the top row shows α(m) − 1 and the
bottom row ngal.
Figure 1. Number counts N(m) for difference redshift slices. Poisson
errors are indicated and the straight line shown for ech magnitude bin
have a slope α(m) − 1. From top to bottom the redshift slices are z =
[1.1, 1.4]; [1.0, 1.3]; [0.9, 1.2]; [0.8, 1.1]; [0.7, 1.0]. The top, middle and
bottom lines correspond to the magnitude bin and redshift slices listed in
Table 1.
can be applied to this survey too. The slope of the number counts
has been measured for each redshift slice for 5 different magnitude
bins. The result is shown in Table 1 for the lowest, intermediate
and highest redshift bins, and Figure 1 shows the fitted slope for
the background populations for all bins.
The autocorrelation functions are necessary in order to esti-
mate the covariance matrix of the cosmic magnification. The stan-
dard power law model has been used to fit the correlation functions
for the different galaxy populations. Figure 2 shows the fit for the
three background populations listed in Table 1. Although the am-
plitude and shape agree with previous measurements in the litera-
ture (McCracken et al. (2008)) the integral constraint has not been
determined here. This should only lead to a minor change in the co-
variance matrix since most of the contribution come from the small
angular scales (less than 10 arcminutes).
c© 0000 RAS, MNRAS 000, 000–000
5Figure 2. Auto-correlation functions measurement and power law fits. Top
panel: z = [1.1, 1.4] and m = [21.5, 22.5]; middle panel: z = [0.7, 1.0]
and m = [23.5, 24.5]; bottom panel: foreground galaxy population with
z = [0.1, 0.6 and m = [21.5, 24.5].
5 COMPLEMENTARITY WITH COSMIC SHEAR
5.1 Signal-to-noise
The cosmic magnification and shear have different sources of sam-
pling and statistical noise and this section is devoted to the signal-
to-noise comparison of the two statistics for the same galaxy popu-
lation. We compare magnification to the cosmic shear top-hat vari-
ance, defined as:
〈γ2〉 =
9
2pi
Ω2m
∫
sds
∫
dw
g2(w)
a2(w)
P3D
(
s
fK(w)
;w
)
J21 (θs)
(sθ)2
(26)
where J1(θs) is the first order Bessel function of the first kind.
The corresponding covariance matrix has been calculated using
the equation derived in Schneider et al. (2002). We consider two
different background galaxy populations, at z = [0.7, 1.0] and
z = [1.1, 1.4]. The number count used for the cosmic shear is the
total number count for that redshift slice summed over all magni-
tude bins. For the magnification, the chosen magnitude range is
m = [23.5, 24.5] and m = [21.5, 22.5] for the low and high
redshift background respectively. The foreground population is at
z = [0.1, 0.6] with m = [21.5, 24.5]. The corresponding α(m)
and number count densities are shown in Table 1.
Figure 3 shows the signal-to-noise as function of scale for
the cosmic magnification and shear. It is very interesting that us-
ing similar galaxy populations, shear and magnification are mea-
sured with similar precision. There is only a factor 2 difference,
which can be further reduced from the use of combined magnitude
slices for the magnification for the same source redshift, although
it is not the goal of this work to investigate optimal estimators of
cosmic magnification. The signal-to-noise difference between mag-
nification and shear shown in Figure 3 is in agreement with the
results from ray-tracing simulations (Takada & Hamana (2003)).
Figure 4 shows that the intrinsic clustering in the cosmic magni-
fication covariance matrix leads to significant cross-correlation be-
tween scales which dominates at large angular separation. This is
why the cosmic magnification signal-to-noise decreases for scales
larger than 10 arc-minutes, where Poisson noise is negligible (see
Figure 3).
Figure 3. Top panels show the signal of the cosmic shear (right plot) and
cosmic magnification (left plot). The error bars include the statistical noise
and sampling variance for both techniques for a survey of 400 square de-
grees. For the cosmic magnification (left panel) the foreground population
is chosen with z = [0.1, 0.6] and m = [21.5, 24.5]. The source redshifts
are z = [1.1, 1.4] (solid line) and z = [0.7, 1.0] (dashed line). Galaxy
number densities as indicated in Table 1.
Figure 4. The left panel shows the covariance matrix of the cosmic magnifi-
cation for the population of galaxies used in Figure 3. The right panel shows
the corresponding correlation matrix. The smallest scale is 0.01 arcminutes
(bottom left) and the largest scale is 90 arcminutes (top right).
5.2 Cosmological constraints
In order to test the ability of cosmic magnification to constrain the
cosmological parameters, we take b = 1 and the likelihood of cos-
mological models for a range of values of Ωm and σ8 are calcu-
lated. A fiducial model is chosen with Ωm = 0.3, ΩΛ = 0.7 and
σ8 = 0.8, and the covariance matrix given by Eq. 22 including the
shot noise is calculated. The foreground redshift slice is chosen as
z = [0.1, 0.6] and the background population is the same as for
the two cases shown in Figure 3. The survey area is A = 1500
square degrees. For the comparison, the shear has been calculated
using the same background population as for the magnification but
with no magnitude restriction (therefore shot noise is decreased
compared to magnification). The results are shown in Figure 5. As
it was anticipated in the previous section, the performance of the
two techniques is relatively similar. Note that a 50% of the area
(750 sq.deg.) used for magnification and 50% used for shear per-
forms better than 100% of the area used for any of the shear or
c© 0000 RAS, MNRAS 000, 000–000
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magnification taken alone. One should also note that degeneracy-
breaking in the Ωm-σ8 parameter space for the combined shear-
magnification arises because of the pre-factor Ωm in Eq. 8, while
the shear scales as Ω2m. In a companion paper (Hildebrandt et al.
(2009a)), we presents the first measurement of cosmic magnifica-
tion on galaxies. The source galaxies are Lyman-break Galaxies
(LBG), selected at high redshift using the dropout technique as de-
scribed in Hildebrandt et al. (2009b). This technique provides a ro-
bust way of separating background and foreground galaxies. The
signal was measured for a wide range of slopes α which confirms
the cosmological origin of the signal, similar to Scranton et al.
(2005).
The main limitation for the use of cosmic magnification as a
cosmology probe is the explicit dependence on the galaxy biasing,
which in general cannot be assume to be b = 1 or even constant
with scale. There is however a remarkable complementarity with
cosmic shear which can be exploited in order to measure the cos-
mological parameters. The auto-correlation function of the fore-
ground population is indeed given by
ξN(θ) = 2b
2
∫
dw
p2f (w)
f2K(w)
∫
sds P3D
(
s
fK(w)
;w
)
J0(θs), (27)
and when combined with Eqs. 8 it provides an independent mea-
surement of the usual shear two-points correlation function (Eq.
26) proportional to ∝ σ28Ω2m, which does not depend on galaxy
biasing. The new estimator can be written as:
ξµ(θ) =
w212(θ)
ξN(θ)
. (28)
Such measurement uses photometry data only and does not rely on
any shape measurement. The approach is similar to Van Waerbeke
(1998) who showed that the combination of the shear with number
counts provide constraints on the galaxy biasing and cosmology. In
that paper it was shown that the equivalent of Eq. 8 was the cross-
correlation between the shear of distant galaxies and the number
counts of the foreground galaxies:
〈MapNap〉 = 3pib Ωm
∫
sds
2pi
∫
dw
g(w)
a(w)
p1(w)
fK(w)
×
P3D
(
s
fK(w)
;w
)
I2(θs), (29)
where I(θs) is the Fourier transform of the aperture filter. The first
practical implementation combining shear and number counts was
very promising (Hoekstra et al. (2002)).
The advantage of Eq. 8 over Eq. 29 lies in the fact that the
cosmic magnification is completely independent of residual sys-
tematics inherent to shear measurement. It shows that the com-
bined use of cosmic shear, magnification and number count statis-
tics could be optimized in order to measure the cosmological pa-
rameters and simultaneously identify and reduce the systematics.
Among the systematics which affect the shear and not the mag-
nification one can mention the shear calibration and additive bias,
and the intrinsic alignment which couples galaxy orientation over
a large redshift range (Hirata & Seljak (2004)). High order shear
statistics are particularly sensitive to intrinsic alignment which
could eventually completely dominate the signal in some situations
(Semboloni et al. (2008)).
Another nice feature of cosmic magnification is the possibil-
ity for exploiting faint distant galaxies for weak lensing, galaxies
for which the shape cannot be measured, and therefore would not
be used otherwise. This is the case for instance for LBGs which
Figure 5. Cosmological parameters constraints from shear and magnifica-
tion for a 1500 sq.deg. survey. Top panel: the magnification is measured
on the z = [0.7, 1.0] and m = [23.5, 24.5] with the foreground galaxies
located at z = [0.1, 0.6]; the shear is measured on the z = [0.7, 1.0] and
m = [21.5, 24.5] galaxies. Bottom panel: the magnification is measured
on the z = [1.1, 1.4] and m = [21.5, 22.5]; the shear is measured on the
z = [1.1, 1.4] and m = [21.5, 24.5] galaxies. The filled contour shows
the error contour obtains from a 750 sq. deg. shear analysis combined with
a 750 sq.deg. magnification analysis.
can be identified at very large redshift using the dropout technique
in optical bands. Hildebrandt et al. (2009a) have successfully mea-
sured the magnification on redshift z = 3, 4, 5LBGs. This provides
a very interesting observational window for future deep large sur-
veys such as LSST and JDEM. With cosmmic shear measurement
alone, a large fraction of the detected objects in those surveys would
not be used for weak lensing studies. The combination of shear and
magnification enables the possibility to use all detected objects (in-
cluding the faint and/or high redshift galaxies and quasars) to probe
dark matter from weak lensing.
Like cosmic shear, the cosmic magnification can be measured
at various source redshifts, for various lens redshift, and for dif-
ferent magnitude bins. A study which would combine shear and
magnification with a tomographic approach is left for a forthcom-
ing study.
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This paper is a preliminary study of the cosmological applications
of the cosmic magnification effect. A general expression for the
covariance of the magnification estimator was derived, which is the
first step towards parameter measurement forecast. The CFHTLS
Deep survey was used to forecast the precision of magnification
measurements for future surveys and compared to the cosmic shear
measurements. Although cosmic magnification has a lower signal-
to-noise than cosmic shear, the former still contains useful cos-
mological information which should be exploited in future sur-
veys, since to a large extend it will be obtained for free. Note that
the Eddington bias (Eddington (1913)) has not been discussed in
this study, but it can be easily accounted for (Hildebrandt et al.
(2009a)).
In many respects, shear and magnification appear as comple-
mentary probes of the dark matter distribution. They are sensitive
to completely different observational systematics, therefore they
can be used as redundant measurements for a better control of the
residual systematics. Magnification is also not sensitive to intrinsic
alignment/shear correlations which is known to be a major source
of non lensing signal for shear tomography. Some techniques have
been proposed to remove intrinsic alignment using shear informa-
tion only (e.g. Joachimi & Schneider (2008)), cosmic magnifica-
tion could certainly help measuring it.
Although magnification is often presented as a difficult mea-
surement, it is certainly not more difficult than galaxy shape mea-
surement, moreover, future lensing surveys will have to have high
precision photometry in order to deliver precise photometric red-
shifts. It is therefore natural to envision forthcoming surveys com-
bining both measurements, however it is not clear at this stage that
current plans for future surveys are yet optimal for redshift mea-
surements. The main source of systematics for photometric red-
shift results from biases in the photometry. This could come from
1) incorrect calibration 2) improper color coverage or 3) small an-
gular scale galactic and extragalactic dust extinction. Point 1) could
be addressed with space-based photometry and/or partial spectro-
scopic followup. Point 2) could be easily addressed with an in-
crease of wavelength coverage and/or number of filters. The im-
portance of point 3) is unclear at the moment, although recent re-
sults from the SLOAN suggest the effect is small (Menard et al.
(2009)) and chromatic signature could certainly help to disentangle
weak lensing from dust extinction. At this stage, further work is
necessary in order to explore in more detail the potential of cos-
mic magnification, in particular tomographic magnification with
varying lens and source redshifts look promising. Only then, ad-
justments to future lensing missions could be envisioned for a bet-
ter photometric redshift measurements. The explicit dependence of
magnification on galaxy biasing is not a major source of concern
since it can in principle be constrained from magnification tomog-
raphy with varying source redshift and fixed lens redshift, moreover
the combination with galaxy angular correlation functions and cos-
mic shear provides a direct measurement of biasing.
One should note that the detection of magnification on LBGs
(Hildebrandt et al. (2009a)) is already a strong proof of concept,
in that one can now measure magnification on very high redshift
galaxies, in a regime where lensing is not sensitive to the exact
value of zs. The background/foreground separation is also much
easier to perform, virtually free of any contamination, and error in
the foreground redshift distribution is probably not as problematic
as if the redshift bins were close. This would for instance make a
strong case for deep u or g coverage in order to identity redshift 3
and 4 dropouts with better accuracy.
The measurement of weak lensing without relying on galaxy
shapes provides definitely an interesting complementary approach
to cosmic shear, although it is clear it will not replace it. The main
idea developed in this paper is that shear surveys could also per-
form magnification measurements with minor upgrades in the in-
strument design in order to make photometric redshift more reli-
able, and the scientific gain is potentially substantial. Current sur-
veys will certainly significantly contribute in the exploration of this
new direction 2. It also enables wide field spectroscopic surveys
such as ADEPT to perform weak lensing measurements indepen-
dently from wide-field imaging surveys.
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